The membrane domain of OmpA consists of an eight-stranded all-nextneighbor antiparallel b-barrel with short turns at the periplasmic barrel end and long¯exible loops at the external end. The structure analysis has been extended from medium resolution to 1.65 A Ê (1 A Ê 0.1 nm), and the molecular model has been re®ned anisotropically to show oriented mobilities of the structural elements. The improved data allowed us to locate ®ve further detergent molecules and 11 more water molecules. Moreover, the two large non-polar packing contacts have now been de®ned in detail. The analysis indicates that the b-barrel constitutes a solid scaffold such that the long external loops need not contribute to stability. These loops are highly mobile and thus cause a major problem during the crystallization process. The b-barrel was related to those of lipocalins. Two further crystal forms with exceptionally dense packing arrangements were established at medium resolution.
Introduction
The outer membrane protein A (OmpA) of Escherichia coli is the best-characterized member of a large family of homologous bacterial proteins. OmpA is very abundant; it is required for bacterial conjugation (Schweizer & Henning, 1977; Ried & Henning, 1987) and for maintaining the structural stability of the outer membrane (Sonntag et al., 1978) . Furthermore, it is utilized as a receptor by bacteriophages (Morona et al., 1984; 1985) and colicines (Foulds & Barrett, 1973) . OmpA represents an important model system for the analysis of membrane protein export, folding and engineering as well as for studying the membrane itself (Freudl et al., 1990; Surrey & Ja È hnig, 1995; Koebnik, 1996a; Kleinschmidt & Tamm, 1996; Kleinschmidt et al., 1999) .
The structure of the membrane domain of OmpA (OmpA171, residues 1 to 171) had been established at 2.5 A Ê resolution (Pautsch & Schulz, 1998) using an engineered triple mutant (OmpA171t) with decisively improved crystal properties (Pautsch et al., 1999) . Here, we report the analysis of this structure at 1.65 A Ê resolution which reveals new details of for instance the coupled anisotropic mobilities of the polypeptide chain turns and loops, as well as ®ve further detergent molecules. Moreover, we report the medium resolution structures of wild-type OmpA171 and of the double mutant F23L/Q34K (OmpA171d), both in exceptionally dense crystal packing arrangements.
Results and Discussion
Structure analysis of OmpA171t at high resolution
The crystals of the triple mutant F23L/Q34K/ K107Y (OmpA171t) belong to space group C2 with one molecule in the asymmetric unit. On freezing to 100 K, the cell parameters changed appreciably from crystal form B (a 69.2 A Ê , b 78.0 A Ê , c 50.9 A Ê and b 91.5
; room temperature) to crystal form B H (a 65.1 A Ê , b 79.7 A Ê , c 50.2 A Ê E-mail address of the corresponding author: schulz@bio.chemie.uni-freiburg.de Abbreviations used: C 8 E 4 , n-octyltetraoxyethylene; LPS, lipopolysaccharide; MPD, methylpentanediol; OmpA, outer membran protein A from Escherichia coli consisting of 325 residues; OmpA171, OmpA membrane domain consisting of residues 1 to 171; OmpA171d, double mutant F23L/Q34K of OmpA171; produced by cytosolic expression with an additional methionine at position 0 in ca 60 % of the molecules; OmpA171t, triple mutant F23L/Q34K/K107Y of OmpA171 produced like OmpA171d. and b 94.3 ; 100 K). Fortunately, this change was not accompanied by a detrimental increase of the crystal mosaicity. The X-ray diffraction data of crystal form B H are given in Table 1 . The packing parameter V M indicated a slightly denser arrangement than in most other membrane protein crystals.
The structure was solved by molecular replacement using the molecule of crystal form B as a search model. After rigid-body re®nement, there emerged a unique solution with a correlation coef®cient of 72 %, as compared to 43 % for the next-best solution. The search model was then modi®ed following likelihood-weighted (F o À F c )-and (2F o À F c )-electron density maps. A re®nement with isotropic B-factors converged at an R-factor of 21 % with an R free value of 25 %, which appeared as too high for the given data quality. Moreover, appreciable (F o À F c ) electron densities remained at numerous atoms that were clearly de®ned in (2F o À F c ) electron density maps.
Therefore, the re®nement was continued with anisotropic B-factors, keeping the same weighting system and introducing a``riding hydrogen'' model for structure factor calculation. This reduced the R-factor to 15.5 % (R free 19.8 %) and improved the electron density maps as well as the stereochemical quality (Table 2 ). The observed large drop in the R free value con®rmed that the anisotropic re®nement was meaningful. Although the anisotropic extension appreciably increased the number of parameters, the nominal data:parameter ratio was still as high as 2.5. It should be noted that the nine re®ned parameters per atom (x,y,z and the six B-factors) are coupled by the covalent binding geometries and by B-factor restraints limiting the differences between neighboring atoms and the anisotropy.
The resulting model is sketched in Figure 1 . Its quality is demonstrated by the backbone conformation: 97 % of the non-glycine and non-proline residues have backbone dihedral angles in thè`m ost favored regions'' of the Ramachandran plot, and none have (f,c)-values in``generously allowed'' or``disallowed'' regions as de®ned in the program PROCHECK (Laskowski et al., 1993) .
The external loops L1 through to L4 show very high B-factors and not all of them could be ®tted into density. The analysis concluded with a total of 34 loop residues without a de®ned conformation.
There were 66 water molecules. Continuous tubelike electron densities were ®tted with six detergent molecules, i.e. n-octyltetraoxyethylene molecules (C 8 E 4 ) with 50 % occupancies. Two alternative conformations were assigned for six side-chains (Table 2) , all of which were at the b-barrel outside pointing into the membrane.
Structure analyses of crystal forms A and A

H
Both the crystals of the wild-type OmpA171 (form A) and of double mutant F23L/Q34K (OmpA171d, form A H ) were fragile thin plates, dif®cult to reproduce, and of rather low quality (Table 3 ). The X-ray diffraction patterns revealed high mosaicities. For crystal form A, the pattern extended to 3 A Ê resolution in the a-b-plane parallel with the plate surface, but only to 4 A Ê along the (CCP4, 1994) . After the isotropic re®nement had converged (see the text), the rms deviations were 0.012 A Ê for bonds and 3.0 for bond angles. c ESU according to Cruickshank (1996) . Data extracted from Pautsch et al. (1999) . a Data for the last shell are given in parentheses.
c-axis. Form A H behaved only slightly better. Yet it was possible to collect a data set for each of these two crystal forms.
Crystal form A belonged to space group P2 1 2 1 2 with one molecule in the asymmetric unit and a solvent content of 48 %. Form A H had the same space group but with a doubled c-axis and somewhat different unit cell dimensions; it contained two asymmetric molecules. A self-Patterson map of crystal form A H resulted in a signi®cant peak at (u,v,w) (0.00, 0.12, 0.50), indicating a close packing relationship to form A. With V M values around 2.4 A Ê 3 /Da (Table 3 ) the packing densities were unusually high for membrane protein crystals, but matched those of hexagonal bacteriorhodopsin crystals (Pebay-Peyroula et al., 1997).
The structure of crystal form A was solved by molecular replacement using the model of crystal form B
H as a search model. A clear solution emerged: a rigid body re®nement in the resolution range 10 to 3.8 A Ê resulted in a correlation coef®-cient of 49.5 % versus 40.0 % for the next-best solution. Improvement of the initial model turned out to be dif®cult. In a tightly-restrained re®nement of individual atomic positions, the R free -value stuck at 49 %, although the R-factor dropped below 35 %. Since this indicated over®tting, we refrained from further re®nement attempts.
The analysis of the related crystal form A H proceeded along the same lines. The best solution for the translation search was ®xed. The search for the second molecule yielded a clear solution at a relative translation of (0.00, 0.12, 0.50) in agreement with the self-Patterson peak mentioned above. The subsequent positional re®nement ran into the same problems as in form A.
Accordingly, we could not establish any changes in loops L1 through to L4 in crystal forms A and A H as compared to B and B H . Since L3 of the search model resulted in a main-chain map correlation coef®cient of 0.6 in relation to 0.9 for the b-barrel in both analyses, we conclude that this signi®cant drop indicates a displacement of L3. Yet we had to settle for the model of crystal form B H as the best available molecular structure in crystal forms A and A H .
Structure description
The membrane domain of OmpA forms a regular eight-stranded b-barrel that can be approximated by a long cylinder with slightly ellipsoidal cross-section (Figure 1 ). The orientation of OmpA in the membrane was derived from residues that are exposed to the external medium (Morona et al., 1984 (Morona et al., , 1985 . Accordingly, loops L1 through L4 are external and the short turn connections T1 through to T3, as well as the N and C termini, are located at the periplasmic end of the barrel. This is in general agreement with all other structurally established outer membrane proteins.
The chain fold in crystal form B H re®ned at 1.65 A Ê resolution is virtually identical to that in form B at 2.5 A Ê resolution (Pautsch & Schulz, 1998) . The rms deviation between the common C a atoms of both models (1-17, 31-63, 71-145 and 160-171) is 0.42 A Ê , and thus only slightly higher than expected from the coordinate errors. The largest deviations occur in the loop regions and smaller ones in turns T1 through to T3, and they correlate with the chain mobilities (Figure 2 ). There are 137 conformationally de®ned residues in crystal form B
H as compared to the 149 assigned residues at lower resolution in crystal form B. The removed Figure 1 . Ribbon plot of OmpA171. The external loops L1 through to L4 and the periplasmic turn T3 are labeled. Loop residues without supporting density are orange. The side-chains of the aromatic girdles (ochre) and of the non-polar ribbon (yellow) are drawn out. Mutation Lys1073Tyr in L3 (blue ball) stabilized the crucial crystal contact. Detergent molecules are shown in purple (C 8 E 4 , oxygen atoms are shown in red). Wellcharacterized sites within the loops are: at mutations leading to phage resistance (black circles; Morona et al., 1984 Morona et al., , 1985 , at a mutation resulting in resistance against colicin (red ball; Foulds & Barrett, 1973) , at mutation Gly1543Asp that resulted in conjugation de®ciency (yellow ball; Ried & Henning, 1987) , and at proteasesensitive (trypsin and chymotrypsin) sites in LPS-free OmpA171 (arrows).
residues were not supported in the high resolution re®nement, and they showed very high B-factors at lower resolution.
Like other outer membrane proteins, wild-type OmpA171 co-puri®ed with lipopolysaccharides (LPS) is rather resistant to proteolytic digestion. When solubilized in LPS-free detergent micelles, however, the loops can be cleaved, as for instance demonstrated by the two L3 cleavage sites reported in Figure 1 . Such micelles were also used for crystallization, which may contribute to the observed high mobilities of the external loops in OmpA and other outer membrane protein crystals (Meyer et al., 1997) .
In OmpA171t crystals, only loop L3 carrying the crucial mutation Lys1073Tyr was clearly de®ned by its electron density. Since L3 contains most of the essential residues for bacteriophage recognition (Figure 1) , we suggest that in vivo it is also more rigid than the other loops because it is entropically (Merritt & Bacon, 1997) . The C a atoms are colored according to their average isotropic B-factors from blue (20 A Ê 2 ) to red (above 80 A Ê 2 ). Despite its relatively high B-factors, loop L3 has continuous density in the ®nal structure. Loops L1, L2 and L4 have no density, indicating that they are extremely mobile. more favorable to bind to rigid structures than to mobile ones. Taken together, we conclude that labile loops are tolerated because the b-barrel in the membrane constitutes a sturdy scaffold. This is con®rmed by other experimental results (Koebnik, 1999) . Accordingly, the loops can mutate easily and ful®ll numerous functions like e.g. evading an immune system (Weiser & Gotschlich, 1991; Prasadarao et al., 1996) or conjugation (Ried & Henning, 1987) .
The three turns at the periplasmic barrel end assume essentially identical conformations (Figure 3) . They all start with a b-bulge formed by the non-polar residue i (Val45, Ile87 or Ile131), the amide-nitrogen atom of which forms a hydrogen bond to the carbonyl groups of residue i 4 (Val49, Leu91, Ile135). Residue i 1 assumes a b-strand-like conformation and forms two hydrogen bonds to residue i 4 in the next b-strand. Residues i 2 and i 3 connect the strands through a type-I b-turn (Wilmot & Thornton, 1988) . This turn geometry also occurs in other b-barrel membrane proteins, but nowhere as strictly repeated as here.
The interior of the b-barrel contains an extended hydrogen bonding network of charged and polar residues such that OmpA171 resembles an inverse micelle with a rigid core. There are eight cavities with an average solvent-accessible volume of 47 A Ê 3 , two of which lack structured water molecules, but no free pathway between the periplasmic and the external end of the barrel. Since the core residues are highly conserved within the protein family (Pautsch & Schulz, 1998) and also have the lowest B-factors, it is very unlikely that OmpA functions as a pore in vivo. The internal hydrogen bonding network of OmpA171 differs strongly from the respective network found in OmpX . The same applies for the cavities.
Chain mobility
The B-factors of OmpA171 are small in the membrane-embedded regions, increase slightly in the periplasmic turns T1 through to T3, and become very high in the external loops L1 through to L4 (Figure 2(a) ). The anisotropic atom mobilities depicted in Figure 2 (b) revealed cooperative motions in all loops and turns. The preferred orientations of these chain motions are usually perpendicular to the planes de®ned by the respective loops and turns. This corresponds to the largest motions in an analogous mechanical wire model, as a free-standing wire loop moves most easily perpendicularly to the loop plane.
Detergent structure
In addition to the single C 8 E 4 detergent molecule observed at medium resolution in crystal form B, we were then able to identify ®ve further molecules at 1.65 A Ê resolution in form B H (Figure 4 ). The n-octyl tails of all C 8 E 4 molecules interact with non-polar residues at the outside of the b-barrel. Moreover, there are several polar interactions between C 8 E 4 oxygen atoms and polar side-chains of the protein. (Schulz, 1993) .
Crystal packing contacts
Reference molecule I of crystal form B H contacts four symmetry-related neighbors (Figure 5(a) ) that bury 12 % of its solvent-accessible surface. There are three contact types with quite different properties (Table 4) . Contact I-II contains a 2-fold axis and consists almost exclusively of non-polar sidechains. With an area of 834 A Ê 2 it approaches the size of oligomer interfaces. This contact is probably not formed in vivo, because the barrels point essentially into opposite directions (angle 125 ), which is not likely to occur in the native membrane.
Moreover, OmpA was observed to be monomeric in size exclusion chromatography (Sugawara & Nikaido, 1992; Pautsch & Schulz, 1998) and in dynamic light scattering, which yielded an apparent M r of 70,000 for the C 8 E 4 micelle with OmpA171, and 45,000 for the empty C 8 E 4 micelle. The difference matches the actual M r of 19,000 for OmpA171 well enough.
A 2-fold axis was also observed at contact I-III, which is as non-polar as contact I-II. The combination of these two contact types results in an endless OmpA171 ®ber along the c-axis, which is decorated with C 8 E 4 molecules. Contrasting the two large non-polar contacts, the third contact type is polar and small ( Figure 5(b) ). It connects loop L3 with turn T2, burying two times 259 A Ê 2 solvent-accessible surface. L3 contains mutation Lys1073Tyr that stabilizes L3 and supports the contact from a back-up position. This mutation was crucial for the growth of ordered crystals (Pautsch et al., 1999) . Interestingly, the observed packing arrangements in crystal forms B and B H , as well as the packing scheme of OmpX , fail to obey the type-I and II classi®cation described by Michel (1983) because the b-barrel axes are far from being in a parallel or perpendicular arrangement. a The space group is C2. Reference molecule I (x,y,z) contacts the four symmetry-related molecules II (Àx 1, y, À z 1), III (Àx 1, y, À z 2), IV (x À 1/2, y 1/2,z) and V (x 1/2, y À 1/2, z).
b The solvent-accessible surface of molecule I buried in the contact as calculated with XPLOR using a probe radius of 1.4 A Ê . The solvent-accessible surface of an isolated OmpA171t molecule is 15,595 A Ê 2 .
c Residues with more than 1 A Ê 2 solvent-accessible surface in a contact are: a 11- 13,15,33,62,132,134-135,168; b 43,45,49,51,81,83,97-98,115; c 111,113-115; d 88-90 . Figure 5 . Stereoviews of the crystal packing schemes (see Table 4 ). Wild-type OmpA171 crystallized in a completely different packing scheme giving rise to form A ( Figure 5(c) ). Here, the molecules are arranged in an up-down fashion in layers parallel to the a-bplane indicating a prevalence of non-polar interactions within these layers. Again, this up-down arrangement is very unlikely to occur in vivo in the native membrane. Crystal form A H can be regarded as a variant of form A with every second layer of molecules shifted by 6.8 A Ê along the b-axis. Presumably, C 8 E 4 molecules participate in this packing like in form B
H , but the limited data quality prevented the location of any of them. The packing of crystal forms A and A H can be considered as type-I (Michel, 1983) with alternating molecular orientations.
All contacts between the layers are of the headto-tail type, implying that they involve one or more of loops L1 to L4 and turns T1 to T3. Unfortunately, the loops cannot be located. Assuming that L3 is in the same conformation as in form B H and that it is the most stable loop also in wild-type OmpA171 and in OmpA171d, the layers are connected by a polar contact between L3 and the N-terminal residues ( Figure 5(c) ). As indicated by the plate-like habits and the anisotropic diffraction properties of crystal forms A and A H , this contact is probably weak.
Comparison with other b b b 8 -barrels
The b-barrel of OmpA corresponds to that of proteins from the lipocalin family. The closest chain fold correspondence is found with streptavidin, the b-barrel of which has the same shear number 10 (Liu, 1998) . The two chain folds can be superimposed with an rms deviation of 2.6 A Ê for 88 C a atoms (Figure 6 ). The b-barrel of OmpA, however, is appreciably longer than those of the lipocalins. Both proteins have completely different functions and share no sequence identity. The lipocalins are soluble proteins, whereas OmpA forms an inverse micelle.
OmpX is the only other structurally established membrane protein with a topology resembling that of OmpA171 . Both consist of eight-stranded all-next-neighbor transmembrane bbarrels, but there are distinct differences and no sequence relationship. OmpX has a shear number of 8 instead of 10, resulting in a smaller and more ellipsoidal cross-section and in steeper bstrands. The internal hydrogen bonding networks of OmpX and OmpA are quite different, but neither leaves a passage for water molecules or ions. The external loops L1 through to L4 of OmpX are much more rigid than those of OmpA. This agrees with the observation that OmpX defends the bacterium against intruders by binding to various external proteins, because the presentation of a more rigid structure favors binding entropically. In contrast, OmpA171 functions as a membrane anchor for a second domain of OmpA that associates to the cell wall in the periplasm (Koebnik, 1996b) . The OmpA b-barrel constitutes a sturdy scaffold for mobile external loops that ful®ll further biological functions. The application of eightstranded transmembrane b-barrels for so different purposes suggests that this barrel is a versatile, Figure 6 . Superposition of the chain folds of OmpA171 (thick lines) and streptavidin (code 1sri, thin lines). Disordered regions are given as broken lines. The streptavidin model consists of residues 13 to 133 (66-68 at the bottom are missing). A superposition of 88 C a atoms in nine fragments yielded an rms deviation of 2.6 A Ê .
presumably minimum-sized architecture for an outer membrane protein.
Materials and Methods
Limited proteolysis and dynamic light scattering
Puri®ed, detergent-solubilized OmpA171 (Pautsch et al., 1999) was shown to be completely LPS-free by an LPS-speci®c gel stain (Tsai & Frasch, 1982) . Aliquots of 50 mg of OmpA171 were mixed with 0.2 mg of trypsin (Sigma) or 0.2 mg of chymotrypsin (Sigma) and incubated in 0.6 % (w/v) C 8 E 4 , 20 mM Tris-HCl (pH 8.0) at 37 for one hour, respectively. The reactions were stopped by adding 0.5 ml of 100 mM phenylmethylsulfonyl¯uoride. The resulting mixtures were separated by SDS-PAGE, blotted onto polyvinylenedi¯uoride membranes and analyzed by N-terminal amino acid sequencing (Applied Biosystems). Trypsin cleaved after Lys113 and chymotrypsin after Tyr111.
For the dynamic light scattering experiments (Protein Solutions, model DynaPro-801) we used a 2 mg/ml solution of OmpA171 in 0.6 % (w/v) C 8 E 4 , 20 mM Tris-HCl (pH 8.5). The same buffer, but without protein, was used as a reference to estimate the micelle sizes. Particle radii and apparent molecular masses were calculated by the supplied software.
Crystallization and data collection
Wild-type OmpA171, OmpA171d, and OmpA171t were crystallized by the hanging drop vapor diffusion method (Pautsch et al., 1999) . Directly after this, the protein was concentrated in the presence of 0.6 % (w/v) C 8 E 4 and mixed with an equal volume of reservoir solution. For the wild-type, the reservoir consisted of 1.4 M ammonium sulfate, 3.8 % (v/v) 2-propanol, 0.5 % (w/v) C 8 E 4 , 1.8 % (w/v) hexyldimethylaminoxide and 0.1 M ammonium acetate at pH 4.6. The reservoir for OmpA171d was 15 % (w/v) PEG-400, 15 % (w/v) glycerol, 0.2 M CaCl 2 and 0.1 M Hepes at pH 7.1. In both cases, crystals grew as thin plates. Diffraction data for wild-type OmpA171 and OmpA171d were collected to 3.8 A Ê and 3.3 A Ê resolution, respectively (Table 3) .
For OmpA171t the reservoir was 12 % (w/v) PEG-8000, 10 % (v/v) methylpentanediol and 25 mM KH 2 PO 4 at pH 5.1. Crystals grew usually as long¯at rods, microseeding resulted in more bulky crystals with average dimensions of 700 mm Â 150 mm Â 100 mm. After stepwise addition of further 15 % (v/v) methylpentanediol, the crystals could be cooled to 100 K. X-ray data were collected to 1.65 A Ê resolution using a single OmpA171t crystal at 100 K with synchrotron radiation and a MARresearch image plate (Table 1) . Data processing and scaling were carried out with MOSFLM (Leslie, 1990) and SCALA (Evans, 1993) . Unless stated otherwise, further processing was done using the CCP4 (1994) suite of programs.
Structure solution and refinement
The structure analysis of crystal form B H was started with the model of crystal form B (Pautsch & Schulz, 1998) after removing all solvent molecules and 14 residues from highly mobile loop regions. Since the crystals were not isomorphous, the model was ®rst placed using AMoRe (Navaza, 1994) and subsequently re®ned with the maximum likelihood method using program REFMAC (Murshudov et al., 1997) with the XPLOR bulk solvent correction (Jiang & Bru È nger, 1994) . The re®ne-ment alternated with manual changes at the model using program O (Jones et al., 1991) . The solvent model was automatically updated with program ARPP and carefully inspected. After the isotropic re®nement had converged, an anisotropic treatment of individual B-factors was introduced using a``sphericity'' restraint of 5.0. Hydrogen atoms``riding'' on their expected geometrical positions were generated (CCP4, 1994; Dauter et al., 1997) and used for the structure factor calculation.
The structures of wild-type OmpA171 and OmpA171d in crystal forms A and A H were solved along the same lines, namely by molecular replacement using the ®nal model of crystal form B H . The Figures were generated using programs MOLSCRIPT (Kraulis, 1991) and Raster3D (Merritt & Bacon, 1997) .
Data Bank Accession Numbers
The coordinates and structure factors of crystal form B
H have been deposited in the Protein Data Bank under accession code 1QJP.
